In this study, batch experiments were used to characterize attachment behavior of Shewanella putrefaciens strain 200R to ferrihydrite and magnetite. Attachment was quantified in batch experiments with a 0.01 M NaNO 3 solution as a function of pH (ranging from 3 to 10), sorbed anion (PO 3− 4 ), and growth conditions (aerobic vs. anaerobic). Electrophoretic mobility data was collected for S. putrefaciens cells and magnetite grains and used as a means to interpret the role of electrostatic interaction in attachment studies. Little difference in attachment behavior was observed as a function of growth conditions or surface treatments. The exception was at pH ranging from 2 to 4, under anaerobic conditions, where increased attachment was measured on magnetite surfaces with sorbed PO 3− 4 . This increased attachment was attributed to development of Fe-PO 4 surface complexes or secondary mineral phases, resulting in altered surface interactions between cell and mineral surfaces. Attachment was irreversible and increased with time under anaerobic conditions even under elevated pH conditions unfavourable to electrostatic interactions between cells and mineral surfaces. These results suggest that electrophoretic mobility data in this system is not a good predictor of attachment behavior, while surface charge development via protonation and deprotonation of surface functional groups is consistent with experimental attachment data. In this study, S. putrefaciens appears to utilize polymers or pili to remain attached to Fe-oxides and this process may facilitate Fe reduction on these surfaces. Results from this study underscore the need for quantitative bulk measurements of microbial attachment to accurately predict partitioning of dissimilatory iron reducing bacteria between solution and solid phases.
INTRODUCTION
Microbial attachment to mineral surfaces is a fundamental process responsible for initiating a cascade of metabolic and weathering reactions. In aqueous environments microbial attachment behavior controls weathering reactions in the vicinity of colonizing cells (e.g. Bennett et al., 2001) , mobility of metals via cell wall sorption (e.g., Beveridge and Murray 1980; Beveridge and Fyfe 1985; Beveridge and Doyle 1989; Fein et al. 1997; Fowle and Fein 1999; Fein 2000) , and is a primary control on microbial transport and biofouling in aquifers. In general, cells benefit from attachment by gaining access to surface adherent nutrients (Davis and McFeters 1988; Lechevallier and McFeters 1990; Mueller 1996) and refuge from predation by grazers (Harvey 1997) . In particular, dissimilatory iron reducing bacteria (DIRB) may require attachment in order to couple the oxidation of organic matter to the reduction of mineral sources of Fe(III) (e.g., Lovley 1987; Nealson and Saffarini 1994) . Therefore rates of organic matter oxidation may be limited and controlled by the solubility and bioavailability of Fe(III) reservoirs in subsurface environments (Sulzberger et al. 1989) . DIRB have evolved a number of strategies to overcome the inherent insoluble nature of the iron oxides in the environment including the use of chelators and electron shuttles to mobilize Fe(III) at circumneutral pH (Nevin and Lovley 2002) . Direct attachment, however, is still accepted as the predominant mechanism for accessing Fe(III) minerals in environmental settings (Lovley et al. 2004) .
Dissimilatory Fe(III) and Mn(IV) reduction by Geobacter sp, and Shewanella sp., appears to be linked to outer-membrane expression of terminal reductases joined to transmembrane and intracellular electron transport components. Gaspard et al. (1998) found that Fe(III) reductase activity is predominantly expressed in the outer membrane fraction of lysed G. sulfurreducens cells; 80% of Fe(III) reductase activity was associated with the outer membrane, while 20% was found in the periplasmic region, with no significant activity observed in the cytoplasm (Gaspard et al. 1998) . These results are consistent with studies of Shewanella putrefaciens in which peripheral proteins secreted to the exterior of the cell membrane exhibit the majority of Fe(III) reductase activity (DiChristina et al. 2002) . Both S. putrefaciens and G. sulfurreducens exhibit 70 to 100 kDa heme-containing proteins located in the outer membranes, further supporting a role for attachment in the reduction of Fe(III). Some DIRB, however, may obviate the need for attachment to satisfy metabolic needs 632 J. A. ROBERTS ET AL.
by utilizing nanowires to shuttle electrons from surface adherent cells (Gorby et al. 2006; Reguera et al. 2005) .
When taken together these results support a conceptual model wherein direct cell-mineral contact, for at least some portion of cells, is necessary for DIRB to access insoluble Fe(III) oxide and hydroxide phases. Both Shewanella sp. and Geobacter sp. utilize specialized flagella to attach to Fe-oxide minerals and remain attached in order to obtain mineral-bound Fe(III) to use as a terminal electron acceptor (TEA) (Caccavo and Das 2002; Childers et al. 2002; Lower et al. 2001) . Lower et al. (2001) found that S. oneidensis responded to goethite surfaces by producing stronger adhesion energies at the cell-mineral interface under anaerobic growth conditions. Preferential attachment to goethite, compared to hydrous ferric oxide and hematite, by Shewanella alga was also demonstrated in bulk adhesion studies (Caccavo and Das 2002) . While specific adhesion mechanisms for DIRB have been studied in some detail on the molecular scale, comparatively less attention has been given to the quantification of their bulk attachment behavior. Quantitative measurements of DIRB attachment to typical Fe(III) oxides are still needed to predict the spatial distribution of these microbial communities in subsurface environments and may be key in assessing the impact of their metabolic processes in contaminated settings (Mauck and Roberts 2006) .
In this study, we examined the attachment behavior of the facultative DIRB, S. putrefaciens to magnetite as a function of sorbed PO 3− 4 . Magnetite is often a secondary product of dissimilatory iron reduction of Fe(III) oxides (e.g., Fredrickson 1998; Sparks et al. 1990; Lovely 1991) and it has been shown previously that S. putrefaciens can reduce magnetite with direct contact (Kostka and Nealson 1995; Dong et al. 2000) . Magnetite, therefore, may be an abundant attachment surface for DIRB in established iron reducing environments (Emerson 1976; Emerson and Widmer 1978; Karlin and Levi 1983; Karlin et al. 1987; Maher and Taylor 1988; Pye et al. 1990; Baedecker et al. 1992) . Though PO 3− 4 is often scarce in the subsurface, in many environments it occurs sorbed onto Fe oxides (Bostrom et al. 1982; Shaffer 1986; Müller et al. 2002) , which may provide DIRB with this essential nutrient in close proximity to TEA. Alternatively, PO 
MATERIALS AND METHODS

Culture Conditions
All media, reagents and electrolytes were made using reverse osmosis deionized (18 M ) water. Attachment experiments were performed using Shewanella putrefaciens strain 200R grown under aerobic or anaerobic conditions. The cells were cultivated aerobically in 30 g L −1 trypticase soy broth (Becton Dickinson and Company, Sparks, Maryland) at 30
• C with end-over-end mixing and harvested in stationary phase after 13 hours. Aerobically grown S. putrefaciens was converted to anaerobic growth by first washing cells in log-phase growth with an anaerobic growth medium. The anaerobic medium, consisting of 15.5 g L −1 Luria broth (Becton Dickinson and Company, Sparks, Maryland) with the addition of 2 mM ferric citrate as an electron acceptor and 15 mM sodium lactate as an electron donor (Myers and Nealson 1990; Lower et al. 2001) , was boiled for 15 minutes, capped, and cooled in an ice bath. The medium was then dispensed in an anaerobic chamber Coy Laboratories Inc., Grass Lake, MI), sealed, and autoclaved. Aerobic cells were pelleted by centrifugation at 2012 × g for 10 minutes and then resuspended in the anaerobic medium. This process was repeated 5 times and a final suspension was made with anaerobic medium. Fresh media was inoculated with this suspension, incubated in an anaerobic chamber at 25
• C and harvested in stationary phase after 18 hours.
S. putrefaciens was prepared for experiments by washing pelleted cells three times with the electrolyte of interest using alternating centrifugation and vortexing (e.g., Yee et al. 2000) with resuspension in fresh electrolyte. This washing step ensures that no growth media remained prior to experimentation.
Mineral Synthesis and Preparation. 2-line ferrihydrite (Fer) was prepared using methods from Cornell and Schwertman (1996) . The precipitate was rinsed once with RO water and centrifuged, then placed in a dialysis bag and submerged in RO water for 48 hours. The clean ferrihydrite, (crystal size ∼3 nm), was freeze-dried (Freeze Dry System, Freezezone 4.5, Labconco, Kansas City, MO) before use in batch experiments to promote aggregation of crystals. An industrial magnetite (Mgt) was obtained from PEL Technologies in Canton, Ohio. The bulk material was ground using a ceramic mortar and pestle and sieved to retain the 200-500 µm size fraction. The material was subjected to a rinsing procedure in which it was rinsed with 10% NaOH, rinsed with RO water, rinsed with 10% HNO 3 , rinsed with RO water until the pH was circum-neutral and freeze dried (Freeze Dry System, Freezezone 4.5, Labconco, Kansas City, Missouri). Mineralogy of both magnetite phases was confirmed by X-ray defraction (XRD) (Bruker D8 Discover powder diffractometer; University of Kansas Crystallography Lab). Samples were scanned for two hours from 4
• to 70
• with an increment of 0.04 at two seconds per step. The materials were also characterized using a scanning electron microscope (LEO 1550 field emission SEM) equipped with an electron dispersive system (EDAX). Surface area of the 2-line ferrihydrite (229 m 2 g −1 ) and magnetite (3.10 m 2 g −1 ) were measured using a three point BET with N 2 as the adsorbate gas on a Quantachrome Nova Series E.
Aliquots of the sieved and washed magnetite were also prepared with sorbed PO 3− 4 for batch attachment experiments. The magnetite was reacted with a 300 µM phosphate buffer solution (pH 6.9) for 12 hours, then rinsed with RO water and freeze-dried (Lovley and Phillips 1986) . In order to verify that no desorption of the PO 3− 4 occurred over the course of batch attachment ATTACHMENT OF SHEWANELLA PUTREFACIENS ONTO MAGNETITE 633 experiments, experimental blanks were included and dissolved PO 3− 4 was determined colorimetrically at 690 nm using the stannous chloride method (Greenberg et al. 1992 ).
Surface Charge Characterization
Electrophoretic mobility of bacterial cells, ferrihydrite, and magnetite were measured at 25
• C utilizing a laser-Doppler velocimetric device (Zetasizer 3000, Malvern Instruments, UK). Electrophoretic mobility will vary as a function of pH and ionic strength, therefore a dilute electrolyte with monovalent cations was used for these measurements as well as attachment/detachments experiments to prevent any collapse of the electric double layer or suppression of the electrical field with outer sphere complexation of Ca 2+ , Sr 2+ , and Ba 2+ (e.g., Simoni et al. 2000; Yee et al. 2004 ). Measurements of bacterial electrophoretic mobility was determined on washed S. putrefaciens grown both aerobically and anaerobically and diluted to a solid-solution concentration of 50 mg solid L −1 (dry wt.) in 0.01 M NaCl. Electrophoretic mobility of prepared 2-line ferrihydrite and magnetite were determined with suspensions of 10 mg solid L −1 in 0.01 M NaNO 3 . The pH of each suspension was adjusted via the addition of small aliquots of standardized HNO 3 or KOH of similar ionic strength and allowed to equilibrate with end-over-end mixing for two hours. Velocity measurements were made in duplicate as a function of pH with an applied field strength of 2500 V m −1 .
Batch Attachment/Detachment Experiments
Batch attachment and detachment experiments were performed using S. putrefaciens as a function of pH, sorbed PO 3− 4 and growth conditions. To minimize repetition in the text of this manuscript hereafter we will refer to the following short forms: S200R = Shewanella putrefaciens 200R; A = aerobic; An = anaerobic; P = magnetite treated with PO 3− 4 . Thus S200R A P would indicate the experiment included S. putrefaciens grown aerobically and magnetite pretreated with PO 3− 4 . Cells were harvested in stationary phase and washed (as described above) in 0.01 M NaNO 3 . The wet weight of pelleted cells was determined following the last rinse. Each experiment consisted of 9 polypropylene test tubes containing 10 mL of solution. The solution consisted of 1 g S. putrefaciens L −1 (∼10 9 cells mL −1 ) 0.01 M NaNO 3 and 4 g L −1 2-line ferrihydrite or 50 g L −1 prepared magnetite. A standard curve was established using the 1 g S200R L −1 0.01 M NaNO 3 solution, along with a dilution series of 0.75 g L −1 , 0.5 g L −1 , and 0.25 g L −1 . Optical density of each solution was determined 600 nm using a spectrophotometer (Spectronic 2000, Bausch and Lomb 1979) . Kinetics of attachment of S. putrefaciens were determined at pH 2.5 and 6 measuring optical density at 600 nm every 20 minutes for at least 2 h.
For attachment experiments the pH in each tube was adjusted using 0.1 M NaOH or 0.1 M HNO 3 to a final pH of 2.5, 3, 4, 5, 6, 7, 8, 9 , and 10, respectively. The test tubes were rotated endover-end for 2 h at 8 rpm. After 2 h a final pH was recorded, and cells and mineral phases were allowed to separate via gravity before the optical density of suspended cells was measured at 600 nm.
Reversibility of attachment was determined in a parallel set of detachment experiments. Approximately 100 mL of 1g S200R L −1 0.01 M NaNO 3 and 50 g L −1 prepared magnetite solution was adjusted to pH 2.5. Ten test tubes were filled with 10 ml each of the pH-adjusted solution. The tubes were rotated end-overend for 2 h at 8 rpm after which optical density was measured at 600 nm for 2 of the 10 tubes. The remaining 8 tubes were to pH 3, 4, 5, 6, 7, 8, 9 and 10, respectively, using 0.1 M NaOH and 0.1 M HNO 3 . The tubes were rotated for an additional 2 h, and then optical density was measured at 600 nm and final pH was recorded.
Attachment and detachment experiments were conducted with S200R A and An reacted with ferrihydrite, magnetite, and magnetite with sorbed PO 3− 4 (prepared as described in the previous section). All experiments containing anaerobically grown S200R were conducted in an anaerobic chamber and performed with solutions and test tubes that were allowed to degas overnight in the anaerobic chamber. All attachment and detachment experiments were done in duplicate and, in some cases triplicate. Because of variations in pH between reactors the data is shown in its entirety and not homogenized.
RESULTS AND DISCUSSION
Electrophoretic Mobility Measurements of Bacteria and Minerals
The electrophoretic mobility of magnetite, ferrihydrite, and 200R (A and An) in 0.01 NaNO 3 electrolyte solutions is shown in Figure 1 . The data indicate that the cells ( Figure 1B ) and magnetite ( Figure 1A ) are dominantly electronegative in the pH range studied. Ferrihydrite ( Figure 1A ) is electropositive from pH values ranging from 2-7.8 with the isoelectric point of the mineral at approximately pH 7.8. The magnitude of the electropositive mobility decreases from pH 2.2 to pH 7.8 with a measured change in mobility of 3.27 [(microns/sec)/(volt/cm)]. In contrast, magnetite displays electropositive mobility only at pH values less then 3.0 with a measured isoelectric point at a pH of 3.03. Above the isoelectric point, the magnetite mobility is negative decreasing from from 0 to −3.54 [(microns/sec)/(volt/cm)], with increasing pH.
Cells grown both aerobically and anaerobically and suspended in 0.01 M NaNO 3 display a sharp increase in the absolute value of the electrophoretic mobility from pH 2.5 to 5. Under neutral and alkaline pH values, cell mobility levels and remains fairly constant with little difference between 200R A and 200R An. Electrophoretic mobility experiments conducted on the anaerobic cells indicate a charge reversal to positive mobility values at low pH, with an isoelectric point between pH 3 and 3.5. 200R grown aerobically, however, never reaches an electropositive condition between pH 2 and 10. The pH dependent mobility behavior of mineral and bacterial surfaces results from differences in the concentration and density of negatively charged surface sites. Results for pH zpc values for ferrihydrite from this study are fairly consistent with other published values for a number of iron oxides, which range from pH 6.7 to 8.5 (e.g., goethite, HFO, hematite, Stumm and Morgan 1996) . Mobility data for magnetite, however, indicate a far lower pH zpc of 3.03 than previous studies, which found a value closer to circumneutral (pH zpc = 6.5, Stumm and Morgan 1996) . Our previous measurements of the industrial magnetite characterized in this study as well as synthesized magnetite support pH zpc values between 3 and 4.5. Neither phase has discernable impurities according to analysis by XRD and SEM-EDS. Electrophoretic mobility measurements of these phases in a complex electrolyte solution (a groundwater containing divalent cations) results in substantial shielding of the electronegative potential of the mineral surfaces (Roberts et al. 2004) .
Growth conditions also appear to impact electrophoretic mobility, with the aerobically grown cells slightly more electronegative than anaerobically grown cells in the range of pH 2-4. 200R mobility data indicate an isoelectric point ranging from pH 2-3.4. At this pH condition, the concentration of negative charged surface sites is equal to the concentration of positively charged amino acid sites, and the net surface charge is equal to zero. As the pH increases from the isoelectric point, the acidic cell wall functional groups progressively deprotonate, generating a net negative charge within the cell wall and an electronegative potential on the cell surface. In addition to surface charge, the magnitude of the electophoretic mobility is also controlled by the concentration of electrolyte ions in solution. At high electrolyte concentrations, electrostatic sorption of Na + counter-ions can satisfy the excess surface charge and decrease surface electric potential. In contrast, dilute electrolyte concentrations allows the surface electric field to expand which results in increasing electrophoretic velocities.
The Role of Growth Conditions on Attachment Behavior
Figure 2 depicts the attachment of S200R onto ferrihydrite as a function of growth condition and pH. Cells grown both anaerobically and aerobically display similar trends in attachment behavior. Specifically, between pH values 3-5.5, 70-80% of the cells are adhered to the ferrihydrite surface. Although there is a slight decrease in the mass of anaerobic cells attached in this pH range, differences can be attributed to experimental error, which was consistently ±2% but ranged as high ±5%. Between pH 5.5 and 6.2 there is a sharp decrease in the abundance of cells attached to the ferrihydrite surface, which is consistent with an attachment edge relating to a change in surface attraction at these values. Based on the electropositive nature of the minerals shear plane and the highly electronegative nature of the cells at these pH values the attachment edge would be expected to shift to slightly higher pH values (Figure 1 ). It should be noted that there is very little difference between the attraction of anaerobic and aerobic cells at low pH values although the anaerobic cells have positive electrophoretic mobilities at these pH values. We interpret this as a result of hydrophobic attractive forces dominating over electrostatic driving forces under these pH conditions. The dominance of hydrophobic interactions in adherence of Shewanella alga to amorphous Fe(III) oxide has been demonstrated previously (e.g., Caccavo et al. 1997; Caccavo 1999) , and is a likely explanation for the attachment behavior observed here.
Attachment of both S200R A and An onto magnetite and magnetite P is depicted in Figure 3 . Attachment behavior of S200R sorbed to the surface (S200R A P; S200R An P). Shaded region depicts a ± zone of 5 % for standard attachment error around S200R A, S200R A P, and S200R An. Note there is little difference between the four treatments. The exception is at low pH under anaerobic conditions with sorbed PO 3− 4 , where attachment increases to ∼45%. on magnetite is similar to ferrihydrite with little difference between the four treatments from pH 5 through 8. Attachment averages 4.1% ± 4.8% for S200R A, S200R An, and S200R A P treatments for these pH values. The attached cells are heterogeneously distributed on the magnetite surface when viewed with SEM ( Figure 4A ), with cells attached to a variety of crystal faces. Some cells appear to be in contact with each other via polymeric material or other pili-like appendages or wires (e.g., Gorby et al. 2006) . Attachment of S200R An P is slightly higher than all other treatments at pH 5-8 and is significantly higher at pH values less than 5 with a 10 and 30% greater mass of cells on the surface of magnetite than the other attachment regimes. These results suggest a distinctly different attachment mechanism at pH values when compared to S200R A P. Potential mechanisms for increased attachment can be seen in Figure  4B , which depicts patches of what appear to be mixed Fe-PO 4 coatings (as interpreted from EDS and crystal structure consistent with vivianite) on the surface of the magnetite grains. These crystals are in low abundance and are below the detection limit for characterization by x-ray diffraction. Furthermore, these secondary precipitates were observed only in PO 4 -amended experiments conducted anaerobically. Studies by Parfitt et al. (1975) and Martin et al. (1988) have shown previously that sorption of PO 3− 4 onto oxides can result in the formation of mixed Fe-PO 4 phases at the sorption interface. This may in fact be facilitated under anaerobic conditions where cells may continue to promote reduction in the absence of an excess of electron donor (e.g., Kenward et al. 2006) , in this case promoting reductive dissolution of magnetite and producing Fe(II), which reacts with surface-sorbed PO 3− 4 .
Reversibility of Attachment
Detachment studies were performed to investigate the reversibility of the attachment of S. putrefaciens onto magnetite ( Figure 5 ). Initial attachment was equivalent to the percentage of cells attached at pH 2.5 (Figure 3) . Detachment, therefore, is expressed as the percentage of those attached cells, which detach into solution after pH adjustment. Figure 5A depicts the detachment of aerobically grown S. putrefaciens off the surface of both magnetite and PO 3− 4 treated magnetite. Intriguingly there is little to no detachment of the cells off the magnetite surface. This is in direct contrast with studies of Gram-positive bacterial attachment, which demonstrated complete reversibility of Bacillus subtilis attachment on quartz and corundum surfaces (e.g., Yee et al. 2000) . Although the driving force for detachment is quite high at pH > 7, only ∼10% of the attached cells are released. These results indicate that once attached: (a) the hydrophobic or chemical interactions between the cell and the surface are too strong to overcome by a change in electrostastic repulsion; or (b) once attached the interface between the cell and surface generates a microenvironment that is rich in protons unaffected by the bulk aqueous geochemical parameters (e.g., Glasauer et al. 2001); polymer or express pili or other similar attachment appendages that permanently adhere the cell to the mineral surface (e.g., Caccavo and Das 2002; Lower et al. 2001) .
Cells grown anaerobically for detachment studies ( Figure 5B ) show similar behavior with very little detachment at low to mid pH values (although it should be noted that a single experiment does appear to demonstrate some detachment). In contrast to results with S200R, the cells grown anaerobically exhibit continued attachment at pH > 5 (up to 30% increase in attachment). These data are completely contrary to predictions based on mobility data. The mechanisms for both continued attachment and lack of detachment, however, are revealed when the 4 -coated magnetite surface. Many cells appear to have dissolved significant quantities of the oxide surface forming etch pits in which they are entrapped and clearly unavailable for detachment. Several locations on the magnetite surface exhibit cells that have aggregated within a small area on the surface of the mineral grain. This could be interpreted as the cells "attaching" via hydrophobic interaction to other cells rather then to the electrostatically repulsive mineral surface.
Surface Charge Development and Modeling
Figures 7 and 8 depict modeling of surface charge development on the surfaces of both the bacterial cells and mineral grains. Figure 7 specifically shows the regions in which we would predict significant electrostatic attraction between the cell and mineral surface. Based on electrostatic interactions magnetite-Shewanella attachment should occur at a pH value between 6-7 based on the bacterial surface parameters of Haas (2004) for S200R. In contrast, data from Fein et al. (personal communication 2005) predict attachment from pH values 2-7 for a species of the same genus (Shewanella oneidensis). The predictions of Fein et al. (personal communication 2005) appear to more closely approximate the attachment phenomena demonstrated in this study. In combination, these data support a surface speciation model such as the one depicted in Figure 8 where the Shewanella surface functional groups as shown in Equation 1:
(>R = a surface functional group within the bacterial cell surface) begin to deprontate at pH 2 leading to the development of negative surface charge. Negative surface charge, therefore, promotes the bulk of attachment at low pH values, but also results in continued attachment until the magnetite surface is predominately neutral. Prediction of magnetite surface charge after the adsorption of PO Magnetite surface charge calculations were generated using data from Missana et al. (2003) . All calculations were made using JChess software with a database modified as described above (Van der lee 1988). Shaded regions depict zone of predicted attachment onto magnetite based on simply electrostatic interactions for two different models of Shewanella surface charge. colonization of magnetite inclusions within primary silicates by native consortia of iron reducing bacteria, which has been reported previously (e.g., Roberts et al. 2004 ).
CONCLUSIONS
Results from this study demonstrate that electrophoretic mobility data for the S200R-magnetite system is not a good predictor of bacterial attachment behavior, while surface charge development via protonation and deprotonation of surface functional groups is consistent with experimental attachment data. Neither model, however, accurately predicts the reversibility of attachment. Attachment is not reversible for S200R under aerobic or anaerobic conditions, and increased attachment is observed at circum-neutral pH for S200R grown under anaerobic conditions suggesting that under anaerobic conditions Shewanella putrefaciens may utilize polymers or pili (e.g., Lower et al. 2001; Caccavo and Das 2002; Gorby et al. 2006) to remain attached to Fe mineral surfaces as a means of accessing Fe(III) as a terminal electron acceptor. Because clean mineral surfaces are rarely encountered in the environment where sediment grains exhibit coatings and are comprised of mixed mineralogy, our results indicate that one might expect significant discrepancies between laboratory-based attachment studies and "natural" mineral surfaces with inherent heterogeneity.
